When learning chemistry, students encounter various visualizations introducing scientific concepts and processes unobservable to the naked eye. It is often assumed that these visualizations support students' understanding and enable them to solve problems more efficiently. The research presented here investigates students' use of an explanatory key while solving tasks based on submicroscopic representations. The following features of the explanatory key were examined: 1) colored versus black-and-white, and 2) pictorial versus textual. Eye-fixation patterns and students' verbal explanations indicated that the presence of color in the key does not influence students' task solving. However, significant differences were observed with regard to a textual versus pictorial key used in the tasks: students spent more time and fixated more frequently on the key while solving tasks using a textual key in comparison to a pictorial key. The results indicate that the type of explanatory key might play an important role in revealing students' representational competence with regard to submicroscopic representations.
Introduction
Learning about science, technology, engineering, and math (STEM) requires considering concepts and processes that are often invisible to the naked eye. Understanding such processes involves envisioning the components inherent in the events and the effects that emerge from their interactions. Failure to understand these processes and effects can result in wrong questions being posed, misconceptions, and poor course grades. 1, 2 Students' misunderstandings commonly occur with content that is based on understanding processes at a particulate level, such as the structure of matter and physical changes, 3, 4 solutions, [5] [6] [7] chemical reactions, 8 equilibrium in aqueous solutions of electrolytes, 9 and so on. A variety of external representations are available to support students' understanding of abstract scientific processes. 10, 11 Researchers, starting with Johnstone, 10, 11 have proposed that the presentation of scientific concepts and processes be based on multiple representations, or a threefold manner of representing science, which includes a macroscopic level (observable phenomena), submicroscopic or particulate level (various representations of atomic, molecular, and particle structure), and symbolic level (mathematical and chemical symbols). Moreover, the interpretation of phenomena perceived at a macroscopic level by using submicroscopic representations is considered one of the fundamental ideas of modern chemistry and chemistry instruction.
14 Such visualizations support students when connecting the three levels of concept representations, 15, 16 and they have been recognized as important tools in learning chemistry. [17] [18] [19] [20] However, in spite of the clear educational potential of visualizations, visual literacy is an often overlooked aspect of science education. 21 , 22 Griffard 23 emphasized the importance of including visual literacy in undergraduate science classes because students must learn to recognize and understand the elements that compose complex representations. Tversky et al. 24 emphasized that both diagrams and mental representations schematize, typically in the same ways. This implies that understanding peoples' mental representations of a domain is key to creating effective diagrams for the domain studied because the mental models suggest which information to include and which to omit.
Researchers [25] [26] [27] have found that the use of visualizations also improves students' representational compe-tence. Stieff et al. 27 interpret representational competence as a primary contributor to student learning in STEM because it comprises a distinct set of skills for constructing, selecting, interpreting, and using disciplinary representations for communicating, learning, or problem solving. According to research evidence, [28] [29] [30] [31] students' successful learning is significantly impacted by representational competence in chemistry. Kozma and Russell 29 emphasized that representational competence in chemistry is crucial for learning chemistry because, in order to achieve expertise in the subject, students must master a specific set of skills related to representational competence. These include the ability to analyze features of a representation, transform one representation into another, generate different representations, clarify the usefulness of a given representation, and explain the distinctive affordances of different representations.
Rapp and Kurby 32 believe that representational competence is important because visualizations are not automatically converted into knowledge and learners may have difficulties, for example, in recognizing features of a representation and its application in problem solving within a domain. For considering the implementation of representation in various kinds of teaching materials and classroom activities, it is therefore important to understand how to support students in their recognition of representational features. Semiotics is the study of the meaning of various signs that are used to communicate information through representation, and signs or symbols are thereby images, gestures, sounds, text, models, textures, and so on. 33 Dreyfus 34 organized symbols by graphic form into fourteen categories, such as blubs, circles, lines, arrows, squares, crosses, and so on. In process diagrams, arrows represent molecular processes, such as sequences, gradients, pathways, movement, increases, and decreases. 35 Cutaways, zooming frames, and shading convey depth, scale, and three dimensions. 36 In presenting submicroscopic representations, authors usually use a color convention to distinguish the atomic models presented for various chemical elements. The use of color convention varies by author, but most commonly they use the CPK coloring scheme, which was named after the designed in 1952 by the chemists and, and improved by Walter Koltun. 37 Especially for novices, science education can be confusing when it is anticipated that they will be able to distinguish between different atoms, usually without an explanatory key enclosed with the submicroscopic representation. Some textbooks, 38, 39 on the other hand, have adopted specific color conventions for particle representations in their learning materials and also provide an explanatory key.
In order to avoid confusion by learners, it would be beneficial to accompany each of the submicroscopic representation in learning materials with an explanatory key, similarly as with geographical maps, where it is a generally recognized rule to embed an explanatory key (legend) into a representation, which then allows the reader to accurately recognize the map features.
Eye tracker is a promising instrument for studying various components of representational competence 25, 40, 41 because it makes it possible to monitor cognitive processes as a consequence of the links between eye movements and cognition. 42, 43 With regard to this fact, collecting eye movements could also provide important information in investigating the role of an explanatory key in students' processing of submicroscopic representations in chemistry tasks derived from international and national assessment studies.
The main aim of this study was to investigate the role of a key in processing submicroscopic representations by students while solving specific chemical tasks. With regard to this research aim, the following research questions were defined:
-How does a colored versus black-and-white pictorial explanatory key affect students' way of solving chemistry tasks based on submicroscopic representations? -How does a pictorial black-and-white versus textual explanatory key affect students' way of solving chemistry tasks based on submicroscopic representations?
Methods

1. Participants
For this investigation, 44 students were selected from the pool of 118 non-chemistry freshmen at the University of Ljubljana's Faculty of Education based on their achievements on a chemistry knowledge test. Four participants were excluded due to their absence at the eye-tracking session and five participants due to poor eye calibration. The final sample consisted of 35 participants with high total scores on the chemistry knowledge test (the top third of students with the highest scores).
Materials and Apparatus
1. Chemistry Knowledge Test
Altogether, 118 students completed the paper-andpencil pretest (α = 0.62) with 30 multiple-choice chemistry questions (each question worth one point) based on submicroscopic representations (M = 12.38; SD = 4.52). This pretest served as the basis for recruiting high-priorknowledge participants with average scores higher than 16.71 points, SD = 2.86). These students were included in the eye-tracking subsample in the second part of the study.
Eye Tracker
For monitoring students' eye movements when solving submicroscopic chemistry tasks, we used the screenbased Tobii Pro X2-30 eye tracker. Gaze data were captu- 
3. Problem Set
The problem set consists of eight tasks based on submicroscopic representations derived from assessments such as TIMSS, PISA, and the Slovenian national chemistry assessment test (NPZ), but modified for the purpose of this study.
For investigating the role of the colored versus black-and-white explanatory key accompanying submicroscopic representations (Section 1), two different types of tasks were selected and modified. The first type (consisting of two tasks) required participants to solve tasks with submicroscopic representation including specific functional groups of organic compounds (carboxylic acid and alcohol), and the second type (consisting of two tasks) required solving tasks with submicroscopic representation with a chemical equation for simple chemical reactions. Each of the two tasks from each type involved different particle representations with an appropriate explanatory key: colored or black-and-white.
To examine the importance of pictorial versus textual presentation (Section 2) of the key explaining particles' nature, one type of task in which students had to determine which of the pictures represents simple commonly used compounds was selected and modified. Two tasks of this type contained a textual presentation and the other two tasks contained a pictorial presentation of the particle explanatory key.
All of the tasks from the same section are comparable with regard to complexity and type of visual representation. Comparable difficulty within the same section of tasks can also be seen from the participants' mean achievements (Table 1) .
Tasks were displayed on the computer screen, one at the time. The time allowed for solving the task was not limited and the tasks were presented in random order.
3. Eye-movement Measures
To determine students' visual attention towards different elements of the tasks they were solving, we focused on the total amount of time (total fixation duration, TFD; in some studies also referred to as dwell time) and number of fixations (fixation count, FC) spent in particular areas of interest (AOI). For this purpose, the tasks displayed on the computer screen were divided into several AOIs with regard to the placement of particles investigated, text, the explanatory key, or the whole area of particles presented (see Figure 1) . A fixation was determined as a process when the participant held his or her eye for a minimum of 60 ms at a specific AOI. Because the data from eye movements were gathered as part of the information processing while solving tasks, the total amount of time spent in a particular AOI was interpreted as a reflection of the relative amount of attention and consequently reliance paid toward each AOI in service of solving the task. 40 
4. Data Collection
Data collection took place in two parts. In the first part of the study, participants solved the group from the chemistry knowledge test under standard conditions that were the same for all participants. This part took up to 45 minutes. In the second part, which monitored students' cognitive processes by using eye-tracking technology and an interview, students were selected based on their chemistry knowledge test achievements and they participated individually. After calibrating the eye tracker, the participants were introduced to a pre-task to avoid any effect due to difficulty in understanding the type of tasks or process of recording answers and moving to the next task before starting with the main testing. The participants were asked to write down an answer for each task on a piece of paper and then to press the spacebar to advance to the next screen. After that, the participants completed eight tasks for the problem set displayed on the computer screen at their own pace while eye movements were recorded. Each task was presented on the computer screen without a time limit and in random order. After eye-tracking data were collected, the participants were interviewed and asked to compare tasks from the same type with the following question: "If you compare these two tasks, was there any difference in difficulty between them? If there was a difference, please explain possible reasons." The participants' oral responses were transcribed. The collection of eyetracking and interview data took 30 to 55 minutes.
5. Data Analysis
To explore the role of the explanatory key when solving tasks based on submicroscopic representations, the collected eye-movement data were first analyzed with Tobii Studio Enterprise. Further analysis was conducted using the Statistical Package for the Social Sciences (SPSS), version 21. The nonparametric test Wilcoxon Ranks Test (Z) was used to evaluate significant differences in absolute and relative total fixation duration (TFD) and fixation count (FC) within particular areas of interest (AOIs) toward the colored versus black-and-white (Section 1) or pictorial versus textual (Section 2) explanatory key.
Participants' interview responses were coded using a coding table. The coding table was derived from a qualitative analysis of 25% (n = 9) of the interviews; the reliability of coding was ensured by independent coding by two researchers (the two authors of this article). Subsequently, both evaluations were contrasted at points where differences occurred and, after consideration, the more appropriate one was chosen. Altogether, 98% reliability was achieved. each student. Figure 2 shows an example of eye movement using a heat map (Task 1). Red represents a high relative density of fixations and green represents a low relative density of fixations by students participating in the eye-tracking phase of the study. As can be seen, not all models were equally interesting for the students while solving Task 1, and students on average paid more attention to particular areas of the task, as can be recognized from different heat map gradients.
In addition to visualization of eye-fixation data with a heat map, eye tracker provides numerical data for absolute and relative TFD and FC. In Table 2 , these data are presented for each task and different areas of interest (the model, key, or whole area of the models presented). and Task 1) are small. In order to appreciate how the colored versus black-and-white explanatory key affects students' way of solving tasks, it is important to evaluate the statistical significance of the results, which is presented in Table 3 .
The Wilcoxon Ranks Test shows no significant differences in the sum of the absolute mean values of TFD and FC on the AOIs (in particular: Key, Table 3 ) of the colored versus black-and-white explanatory key from Table  3 Table 3 ) of colored versus black-andwhite tasks was also not significantly different (TFD: Z = -1.086, p = 0.278; FC: Z = -0.902, p = 0.367). Based on these results, it can be summarized that the presence of color in the key does not influence the time students spend solving tasks, nor the time that is spent processing the key regardless of its nature.
The results described are also in line with the data gathered from interviews with students (Table 4) . Students stated that the presence of color did not influence their task solving A typical student comment: "They're the same; the procedure for solving it is the same."
However, students indicated that color helped them in solving the task with submicroscopic representation, and the rest stated that they had difficulties due to their lack of knowledge. Typical student comments were: "Maybe this is easier because of the color because, I don't know, you immediately see that the oxygen is so red, and you see it exactly: oxygen is red. And then it's easier to see. You solve the task faster because if it's gray you're easily confused with black and gray." "The one with the carboxylic acid was harder because I couldn't remember its functional group."
2. Section 2: Investigating the Role of the Pictorial Versus Textual Explanatory Key Accompanying Submicroscopic Representations
Section 2 studied the role of pictorial versus textual explanatory keys. Four tasks were completed by each student. Figure 4 shows an example of eye movement using a heat map (Task 8). As explained earlier, red represents a high relative density of fixations and green represents a low relative density of fixations by students. Figure 4 shows that the AOI of choice A (in particular: Model 1, Table 5 ) and choice C (in particular: Model 3, Table 5 ) have a higher relative density of fixations, which means that students' gaze was more frequently fixed on these representations when solving a particulatelevel task. This is also evident from Table 5 , where the mean values of absolute and relative TFD and FC are presented for Tasks 5 through 8 (model, key, or whole area of models presented). Spearman's correlation coefficients (r = 0.777-0.969, p < 0.001) indicate that there is a strong correlation between absolute and relative TFD and FC in all tasks of Section 2. Table 5 shows that the highest mean values of relative TFDs and FCs for the explanatory key (TFD = 69.68%; To examine how the textual versus pictorial explanatory key is involved in students' way of solving tasks, the Wilcoxon Ranks Test was used ( Table 6 ).
The results presented in Table 6 show how a pictorial versus textual explanatory key affects students' way of solving tasks based on submicroscopic representations. The AOI for the pictorial explanatory key also includes task instruction in order to equalize the AOI with the textual explanatory key when the task instructions and key Table 6 ) of the pictorial and textual explanatory key (TFD: Z = -3.838, p < 0.001; FC: Z = -4.626, p < 0.001). Significant differences in the sum of the mean values of TFD as well as the sum of the mean values of FC also indicate that students not only spent more time but also fixated on the explanatory key more often while solving the task in the case of a textual key in comparison to a pictorial key. As a reflection of attention, this indicates that while solving the task students pay greater attention to the AOI of the textual key.
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This can also be seen in Figure 5 , where students devoted approximately 70% of task-solving time to textual explanatory keys, but only approximately 50% of tasksolving time was used in the case of a pictorial key. The difference described is statistically significant (TFD: Z = -4.967, p < 0.001; FC: Z = -5.052, p < 0.001; Figure 5 ).
It is interesting that in their interviews the students revealed that they did not detect the differences in the textual versus pictorial explanatory keys as relevant for solving tasks (Table 7) .
In particular, 91.43% of students explained that the type of key presentation in terms of textual versus pictorial does not contribute to a different way of solving the task; some of them (f = 8.57%) attributed their difficulties in solving tasks to their lack of chemistry knowledge.
Typical student comments: "There are no differences; if you know the molecular formula, they're all easy." "The one with the methane was the hardest. I didn't know if it was CH 3 or CH 4 ."
Conclusions
When learning chemistry, learners are often challenged by various representations at the submicroscopic level that are included in learning materials to develop students' understanding about scientific concepts and processes at a particulate level. This study examined students' use of an explanatory key while solving tasks based on submicroscopic representations. With regard to the first research question-whether a colored versus black-and-white pictorial explanatory key affects students' way of solving chemistry tasks based on submicroscopic representations-it can be concluded that the presence of color in the key does not influence the time students spend solving the task nor the time that students spend processing the differently colored pictorial keys. With regard to the second research question-how a pictorial black-and-white versus textual explanatory key affects students' way of solving chemistry tasks based on submicroscopic representations-it was found that students used the same amount of time for solving tasks with a pictorial or textual explanatory key. However, the results indicate that students spent statistically significantly more time processing the textual explanatory key, and also fixated on the explanatory key more often while solving tasks in comparison to the pictorial blackand-white key.
Based on the results, it can be concluded that an explanatory key might play an important role in students' ability to correctly perceive submicroscopic representations while solving tasks or problems comprising submicrorepresentations. Therefore, it would be beneficial for learners for each of the submicroscopic representations in learning materials to be accompanied by an explanatory key, which then enables the reader to accurately recognize the features.
Follow-up studies on the role of explanatory keys and accompanying submicroscopic representations in students' development and use of representational competence are necessary.
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